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PREFACE 


The  co-authors  of  this  report,  Dr.  Henry  Zmuda  and  Dr.  Edward  N.  Toughlian, 
performed  an  equal  share  of  the  work,  theoretical  as  well  as  experimental. 


ABSTRACT 

The  problem  of  obtaining  a  true-time-delay  photonic  beamformer  has  recently 
been  a  topic  of  great  interest.  Many  interesting  and  novel  approaches  to  this  problem 
have  been  studied.  This  report  examines  the  design,  construction  and  testing  of  a 
dynamic  optical  processor  for  the  control  of  a  20-element  phased  array  antenna 
operating  at  L-band  (1.2-1. 4  GHz).  The  approach  taken  here  has  several  distinct 
advantages.  The  actual  optical  control  is  accomplished  with  a  class  of  spatial  light 
modulator  known  as  a  segmented  mirror  device  (SMD).  This  allows  for  the  possibility 
of  controlling  an  extremely  large  number  (tens  of  thousands)  of  antenna  elements  using 
integrated  circuit  technology.  The  SMD  technology  is  driven  by  the  HDTV  and  laser 
printer  markets  so  ultimate  cost  reduction  as  well  as  technological  improvements  are 
expected.  Optical  splitting  is  efficiently  accomplished  using  a  diffractive  optical 
element.  This  again  has  the  potential  for  use  in  antenna  array  systems  with  a  large 
number  of  radiating  elements.  The  actual  time  delay  is  achieved  using  a  single  acousto¬ 
optic  device  for  all  the  array  elements.  Acousto-optic  device  technologies  offers 
suflBcient  delay  as  needed  for  a  time  steered  array.  The  topological  configuration  is  an 
optical  heterodyne  system,  hence  high,  potentially  millimeter  wave  center  frequencies 
are  possible  by  mixing  two  lasers  of  slightly  differing  frequencies.  Finally,  the  entire 
system  is  spatially  integrated  into  a  tliree  dimensional  glass  substrate.  The  integrated 
system  provides  the  ruggedness  needed  in  most  applications  and  essentially  eliminates 
the  drift  problems  associated  with  free  space  optical  systems.  Though  the  system  is 
presently  being  configured  as  a  beamformer,  it  has  tlie  ability  to  operate  as  a  general 
photonic  signal  processing  element  in  an  adaptive  (reconfigurable)  transversal 
frequency  filter  configuration.  Such  systems  are  widely  applicable  in  jammer/noise 
canceling  systems,  broadband  ISDN,  and  for  spread  spectrum  secure  communications. 

This  report  also  serves  as  an  update  of  work-in-progress  at  the  Rome  Laboratory 
Photonics  Center  Optical  Beamfonning  Lab.  The  multi-faceted  aspects  of  the  design 
and  construction  of  this  state-of-the-art  beamforming  project  will  be  discussed. 
Experimental  results  which  demonstrate  the  performance  of  the  system  to-date  with 
regard  to  both  maximum  delay  and  resolution  over  a  broad  bandwidth  are  presented. 
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I.  INTRODUCTION 


The  use  of  photonic  systems  to  control  a  phased  array  radar  antenna  system  has 
been  a  topic  of  intense  study.  Perhaps  the  greatest  attraction  of  optical  beamforming 
methods  is  that  the  parallel  nature  of  light  along  with  the  high  packing  density 
obtainable  with  photonics  allows  the  formation  of  complex  radiation  patterns  in  a  rapid 
and  efficient  manner.  This  in  turn  opens  the  door  for  the  rather  sophisticated  parallel 
signal  processing  techniques  necessary  to  make  advanced  antenna  concepts  such  as 
smart  skins  and  radar  signature  analysis  a  practical  reality.  Almost  all  approaches  to 
dynamic  beamforming  fall  into  one  of  two  categories;  time  steered  and  phase  steered, 
with  both  having  advantages  as  well  as  disadvantages.  A  common  approach  to  obtain 
variable  RF  time  delay  via  optical  as  well  as  electrical  means  has  been  through  the  use 
of  constrained  feed  systems.  Typically,  this  involves  the  switching  in  and  out  of 
varying  lengths  of  transmission  line  or  optical  fiber  [1].  Another  interesting  approach 
is  to  utilize  a  continuously  tuneable  laser  source  and  highly  dispersive  fiber  to  achieve 
variable  time  delay  [2].  This  is  accomplished  by  taking  advantage  of  the  property  that 
different  optical  wavelenghts  will  propagate  in  different  modes  on  fiber.  Fiber 
exhibiting  high  wavelength  dispersion  will  thus  have  significant  path  length  differences 
for  each  wavelength  which  can  translate  into  a  variable  RF  delay.  Another  continuously 
variable  RF  phase  shifter  using  only  optical  components  has  been  demonstrated  by 
Soref  [3].  This  scheme  employs  an  optical  heterodyne  system  and  has  formed  the  basis 
for  many  phased  array  beamforming  architectures  [4].  Unlike  the  switched  fiber  delay 
line  or  dispersive  fiber  systems,  optical  heterodyne  systems  provide  RF  phase  shifts 
which  are  independent  of  the  RF  frequency.  This  (unwanted)  behavior  results  in  a 
beampointing  error  known  as  squint,  where  the  different  frequency  components  of  a 
modulated  RF  carrier  will  point  in  different  directions.  Elimination  of  this  error 
requires  true  time  delay,  where  the  RF  phase  shift  is  linearly  proportional  to  RF 
frequency.  This  report  considers  an  optical  processor  which,  over  a  prescribed 
frequency  band,  provides  variable  time  delay  performance  by  means  of  a  optical 
heterodyne  system. 

A  spatial  integrated  optic  implementation  of  this  system  for  phased  array 
antennas  is  presently  being  constructed  at  the  U.S.  Air  Force  Rome  Laboratory  and 
some  preliminary  results  are  presented.  At  the  heart  of  this  application  is  a  class  of 
spatial  light  modulator  (SLM)  known  as  a  deformable  mirror  device  (DMD)  [6].  In 
previous  papers,  the  authors  have  demonstrated  that  these  DMD's  offer  an  attractive 
means  of  performing  the  optical  signal  processing  required  for  dynamically  steered 
optical  beamforming  systems  [4]. 
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In  their  most  general  sense,  a  DMD  can  be  envisioned  as  an  N  x  N  array  of 
independently  controllable  mirrors.  Present  day  technology  can  provide  in  excess  of 
10^  pixels  occupying  less  than  one  square  inch  (including  drive  electronics!).  These 
mirrors  can  translate  or  rotate,  with  the  amount  of  movement  obtainable  dependent  in 
large  part  on  the  fabrication  process  and  material  used.  Excursions  are  on  the  order  of 
several  dozen  optical  wavelengths.  This  is  sufBcient  for  most  phased  array  applications 
as  demonstrated  in  the  sections  that  follow.  Much  of  the  detail  of  the  operation  of  the 
antenna  system  discussed  has  been  the  topic  of  several  previous  publications  and  hence 
only  the  highlights  of  the  essential  aspects  are  presented  here.  New  to  this  report 
however  is  the  analysis  of  the  delay  resolution,  along  with  experimental  verification  of 
the  abihty  of  a  photonic  system  of  this  type  to  be  able  to  drive  an  actual  antenna  array. 

II.  PHOTONIC  MICROWAVE  DELAY  LINE 

Since  an  optical  heterodyne  system  forms  the  basis  for  obtaining  the  antenna 
phase  information,  a  brief  description  of  the  process  is  useful.  Consider  two  light 
sources  of  sUghtly  different  fi-equencies;  A,cos[(o)o  +  cojt  +  cp]  and  A2Cos[a)ot].  Here 
(Ug  represents  the  optical  (radian)  fi'equency,  Oj  is  the  microwave/RF  frequency  by 
which  the  optical  fi'equency  is  shifted,  and  (p  is  an  optical  phase  shift.  Further  consider 
these  two  beams  incident  on  a  photodetector.  Since  such  a  detector  responds  only  to 
the  time  averaged  intensity,  the  resulting  detected  electrical  signal  will  contain  a  term 
of  the  form  A1A2  cos(a)5t  +  (p).  We  see  that  the  output  of  the  photodiode  contains  an 
RF  fi'equency  component  equal  to  the  optical  beat  fi'equency  and  an  RF  phase  shift 
equal  in  angle  to  the  optical  phase  sluft  9.  The  mixing  of  two  light  sources  in  this  way 
provides  a  means  of  obtaining  substantial  variable  RF  phase  shift,  achievable  with 
optical  components  using  phase  sliifts  arising  fi-om  optical  path  differences  on  the  order 
of  optical  wavelengths.  In  addition  to  being  able  to  obtain  a  variable  phase  shift,  the 
above  method  also  suggests  the  means  to  obtain  a  variable  RF  delay  line;  a  very 
desirable  device  in  many  broadband  microwave  applications  of  which  phased  array 
antennas  are  an  example. 

By  utilizing  an  acousto-optic  cell  as  the  fi'equency  shifter  in  a  heterodyne 
configuration,  a  continuously  variable  time  delay  is  achieved.  Referring  to  Figure  1,  it 
is  seen  that  the  laser  output  of  our  delay  line  system  is  split  into  a  plane  wave  local 
oscillator  (upper  path)  which  simply  acts  as  a  phase  reference,  and  a  beam  which  is 
sent  to  an  acousto-optic  (A/0)  cell  frequency  shifter.  The  acousto-optic  cell  operates 
by  applying  the  RF  signal  input  to  a  piezoelectric  transducer 
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Figure  1:  Frequency  compensated  heterodyne  scheme. 


mounted  on  a  substrate  which  efficiently  propagates  an  acoustic  wave  in  the  x  direction 
as  shown.  The  physical  length  of  the  cell  times  the  velocity  of  the  acoustic  wave  v^ 
provides  a  significant  time  delay  x  across  the  length  of  the  cell,  or  x=x(t)/Vs.  Using  the 
lensing  system  shown  in  the  figure,  each  point  along  the  path  of  the  x  axis  in  the  A/0 
cell  generates  a  plane  wave  which  is  incident  on  a  tiltable  mirror.  The  angle  of  this 
plane  wave  uniquely  corresponds  to  a  spatial  coordinate  x(t)  along  the  axis  of 
propagation  of  sound  in  the  cell.  Figure  1  shows  a  single  plane  wave  for  a  fixed  value 
of  time  T  (emanating  from  position  x^  in  the  figure).  A  single  time  delay  T  is  obtained 
since  two  plane  waves,  one  frequency  shifted  relative  to  the  other,  can  interfere  only 
when  they  are  of  the  same  angle  (spatial  frequency.)  To  see  this,  consider  a  plane 
wave  which  represents  the  signal  beam.  This  can  be  expressed  as 
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t  +  lit  ax  +  (b  1 


(1) 


where  0)5  =  27i:f5  and  where  a  represents  the  spatial  frequency  or  tilt  of  the  wave 
measured  with  respect  to  the  plane  wave  reference  beam  phasor  Alq.  Note  that  the 
reference  phase  of  the  local  oscillator  beam  Alq  is  arbitrarily  taken  to  be  zero.  The 
photodetector  integrates  the  intensity  over  all  space  of  the  summed  signal  and  reference 
plane  waves  producing  the  electrical  signal  i(t); 


i{t)  =  f  14^  ^ 


Which,  neglecting  the  d.c.  terms  can  be  expressed  as 


(2) 


i(i)  =  cos[27i//  +  (|)J-  6(a) 

Where  6(  )  is  the  delta  function  [8]: 

00 

6(a)  = 


(3) 


(4) 

Clearly  then  by  tilting  the  mirror  (i.e.  by  varying  a),  we  select  which  plane  wave 
will  beat  with  the  local  oscillator  in  tlie  detector.  Of  course  in  a  non-ideal  system  plane 
waves  are  not  realizable,  and  therefore  diffraction  limiting  effects  give  the  system  finite 
resolution.  Delay  resolution  is  considered  in  greater  detail  subsequently. 

For  the  simplified  system  of  Figure  1,  a  straightforward  geometrical  (ray)  optical 
analysis  shows  that  the  time  delay  realized  as  a  function  of  the  lens  focal  length  F, 
mirror  tilt  angle  0  (assumed  small  so  that  sin  0  ~  0,)  and  acoustic  velocity  v^  is  T  ~ 
20F/V3.  Of  course  in  a  fully  engineered  system,  the  simplified  optical  system  typically 
becomes  more  sophisticated  due  to  design  requirements. 
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A  comment  on  carrier  frequency  and  system  bandwidth  is  appropriate.  The 
single  laser  approach  presented  here  limits  the  system  bandwidth  including  the  carrier 
to  a  few  gigahertz.  Carrier  frequencies  into  the  millimeter  wave  frequency  range  and 
beyond  are  easily  obtained  with  an  optical  system  utilizing  two  phase-locked  lasers 
operating  at  shghtly  different  colors  or  wavelengths  [10].  The  A/0  cell  is  placed  in  the 
path  of  one  of  these  laser  beams  to  provide  RP  modulation. 

It  is  to  be  emphasized  that  the  delay  achieved  is  continuously  variable.  This, 
and  the  ability  to  integrate  many  such  delay  lines  in  an  efficient  manner  provides  a 
unique  capability  which  can  be  applied  to  traditional  microwave  systems  as  we  will 
now  discuss. 

III.  TRUE  TIME  DELAY  OPTICAL  BEAMFORMING 

Perhaps  the  greatest  strength  of  photonics  is  its  ability  to  perform  parallel 
processing  by  exploiting  the  spatial  nature  of  light.  A  compact  system  incorporating 
the  multiple  delay  lines  necessary  for  phased  array  antennas  is  the  spatially  integrated 
optic  implementation  of  Figure  2. 

Such  an  arrangement  provides  mechanical  stability,  eliminates  the  drift  problems 
encountered  in  free  space  optical  systems  as  well  as  provides  the  ability  to  achieve 
higher  packing  densities.  As  discussed,  the  basis  of  this  integrated  optical 
implementation  is  a  class  of  spatial  light  modulator  known  as  a  deformable  mirror 
device.  This  type  of  device  can  be  utilized  to  provide  the  phase  shifts  necessary  to 
achieve  a  true  time  delay  radiation  pattern.  To  demonstrate  this,  consider  the  well 
known  equation  for  the  array  factor  of  a  linear  array  of  isotropic  point  sources  spaced 
a  distance  d  apart: 

AF  =  Yj  +  md— - ^sin0) 

m  C 


(5) 

where  o)^  is  the  RF  carrier  frequency,  the  modulating  frequency,  0  is  the  given 
observation  angle,  c  is  tlie  speed  of  liglit,  and  cp^  is  the  required  RF  phase  shift  for  the 
m*  array  element  with  amplitude  coefficient  A^. 

We  see  that  to  steer  an  electromagnetic  (far  field)  plane  wave  an  angle  0  requires 
delaying  the  signal  to  the  n*  antenna  element  by  an  amount  T„(0)  =  nd  sin(0)/c  where 
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c  is  the  speed  of  light,  n  is  the  element  number  and  d  is  the  element  spacing.  The 
inability  to  realize  a  variable  delay  line  in  an  efficient  manner,  i.e.  to  vary  T„(0) 
continuously,  has  restricted  the  use  of  phased  array  antennas  systems  to  narrow  band 
applications  where  the  delay  is  approximated  by  a  simple  phase  shift. 


Figure  2:  Spatial  integrated  optical  implementation. 


The  system  illustraded  in  Figure  2  has  been  described  in  great  detail  in  a  previous 
report,  and  the  reader  is  referred  to  this  report  for  a  specific  description  of  all  the 
components  including  their  specifications  [1 1].  It  should  be  noted  however  that  unique 
to  this  system  is  the  use  of  the  diffractive  optic  device  for  replication  of  the  signal  beam 
in  an  efficient  manner  to  provide  twenty  identical  delay  lines. 


IV.  SYSTEM  PERFORMANCE 


The  delay  resolution  and  temporal  efifects  are  very  important  though  independent 
issues  in  regard  to  how  they  influence  the  performance  of  the  antenna  system.  Delay 
resolution  is  determined  by  the  accuracy  to  which  one  can  control  the  DMD  element. 
Temporal  effects  result  in  signal  dispersion  are  caused  by  the  bandpass  nature  of  the 
system.  These  dispersive  effects  come  about  in  two  ways;  one  is  the  PZT  transducer 
on  the  AO  cell  and  another  is  the  ability  to  image  the  local  oscillator  beam  in  the  AO 
cell.  The  overall  limit  in  this  regard  is  the  bandpass  characteristic  of  the  AO  cell 
transducer.  This  dictates  how  tightly  one  must  focus  the  LO  image  in  the  AO  cell  so 
that  is  has  no  effect  on  the  dispersive  characteristics  of  the  overall  system.  In  this  way, 
the  guidelines  for  the  optical  system  design  are  established,  as  will  be  shown. 

It  is  important  to  note  that  each  delay  line  can  be  individually  controlled  and  is 
totally  independent  of  the  others  in  the  antennal  control  system.  Each  photo-detector 
located  at  an  antenna  element  has  its  own  unique  “view”  of  the  A/0  cell  based  on  the 
angular  position  of  its  corresponding  DMD  element.  This  “view”  is  independent  of 
where  any  other  detector  may  be  looking.  This  “view”  can  be  thought  of  as  an  image 
of  the  local  oscillator  beam  inside  the  A/0  cell. 

To  fully  appreciate  the  resoling  ability  of  the  photonic  delay  line,  two  very 
important  points  must  be  understood.  The  first  is  that  the  size  of  the  LO  image  inside 
the  A/0  cell  affects  only  the  temporal  characteristics  of  the  output  signal  and  in  no  way 
affects  the  spatial  distribution  of  the  antenna  array  or  the  ability  to  resolve  delay  at  the 
element  level.  Secondly  the  resolution  of  the  DMD  element  combined  with  the 
magnification  efifects  of  the  lensing  system  and  the  velocity  of  propagation  in  the  A/0 
cell  affect  the  delay  resolution.  Tliis  is  independent  of  the  size  of  the  LO  image  pointer 
inside  the  A/0  cell.  These  two  effects  shown  at  the  output  of  the  phased  array  system 
are  illustrated  in  the  Figure  3  below.  Note  that  the  DMD  itself  has  a  resolution  limit, 
determined  by  the  resolution  of  the  controlling  power  supply.  The  DMD  used  in  the 
present  system  has  a  4  micron  displacement,  a  7mm  pixel  size,  and  can  be  rotated 
=  1024  increments  (based  solely  on  the  specifications  of  the  digitally  controlled  d.c. 
power  supply).  The  angular  resolution  of  the  DMD  (A(j))  as  shown  in  Figure  4.  Solving 
for  Acj)  results  in  a  DMD  resolution  of  1.1 16  p  radians. 

We  now  determine  the  spatial  resolution  (displacement)  (Ax)  inside  A/0  cell  due 
to  a  A  4)  displacement  of  the  mirror  element  as  seen  in  Figure  5. 

Ajc  =  F  tan  2A4)  {^) 
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Figure  3:  LO  pointer  size  effects  the  temporal  characteristics  (signal 
amplitude  vs.  time)  only,  whereas  LO  pointer  position  resolution  effects 
the  steering  resolution  (A  6)  only. 


Figure  4:  DMD  pixel  tilt 
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tan  (A<j))  = 


Maximum  Displacement 
Number  of  Resolvable  Dispalcements 
Pixel  Size 


2 


(6) 


We  calculate  the  delay  resolution  by  converting  the  spatial  displacement  Ax  to  a 
temporal  displacement  At, 


At  = 


i) 


(8) 


The  system  under  construction  has  an  effective  focal  length  of  F  =  36  mm 
(approximately),  and  where  v  =  5120m/s  is  the  velocity  of  acoustic  propagation  in  the 
A/0  cell.  This  results  in  a  delay  resolution  of  roughly  15.69  picoseconds. 


Figure  5:  Displacement  of  beam  inside  the  A/O  cell  (Ax) 
due  to  tilt  of  the  mirror  element  (Acp). 

Now  note  several  important  points.  The  total  distance  across  the  20  element  phased 
array  antenna  is  approximately  3  feet.  To  achieve  a  beam  steer  to  broadside  (90°) 
would  require  a  delay  of  approximately  3  nanoseconds  Therefore  with  the  calculated 


12 


delay  resolution  of  15.69  picoseconds,  approximately  3  nsec/15.69  psec  =191  different 
steer  angles  (in  each  direction  (±90))  or  about  380  steer  angles  total  might  be  possible. 
Since  it  is  not  likely  that  a  ±90°  steer  angle  will  be  used,  a  somewhat  smaller  number 
of  angles  will  be  achievable.  Probably  on  the  order  of  about  two  thirds  (more 
realisticly  ±60°)  or  about  125  steer  angles  might  be  possible. 

Also  note  that  the  maximum  delay  realizable  for  this  system,  with  this  DMD,  is 
1024At~16nsec.  This  delay  is  more  than  sufficient  to  support  the  Martin  Marietta 
antenna  and  in  fact  should  support  a  20  ft  antenna  at  ±60°  steer  angles. 

Temporal  Effects:  The  RF  frequency  response  of  this  system  is  now  a  separate 
issue.  Ideally,  the  image  of  the  local  oscillator  in  the  AO  cell  is  a  point  focus  or  a 
spatial  delta  function.  Of  course  this  is  not  possible  in  a  real  system  and  a  diffraction 
effect  results.  This  manifests  itself  in  the  RF  regime  as  dispersion.  We  might  like  to 
think  of  an  ideal  system  as  one  in  which  the  "pointer"  in  the  AO  cell  is  a  delta  function. 
The  real  system  will  have  a  "pointer"  of  non-zero  width.  The  effect  of  the  LO  image 
size  on  the  output  signal  can  be  understood  from  Fourier  analysis  as  follows. 

The  signal  inside  the  A/0  cell  is  effectively  understood  to  be  the  product  of  the 
LO  image  being  moved  past  the  input  RF  signal  (refer  to  Figure  6).  The  response  h(t) 
is  mathematically  expressed  as  the  convolution  of  the  RF  input  signal  f(t)  with  the 
pointer  function  g(t),  or 

h{t)  =  I  g{x)f{t-^)dx  (9) 

active  AlO  cell  length 


Recall  the  identity 


gi‘)  =  fg(x)  5(l-x)dx 


(10) 


Clearly  when  the  pointer  function  f(t)  =  6(t)  then  h(t)  =  g(t)  as  required.  The  RF  signal 
g(t)  is  simply  the  bandlimited  version  of  the  actual  RF  input  signal.  The  bandlimiting 
comes  about  from  the  piezoelectric  transducer  on  the  A/0  cell  crystal. 

It  is  important  to  observe  that  the  above  discussion  is  bases  on  a  single  delay  line 
element  in  the  phased  array  system;  i.e.  it  is  independent  of  how  the  other  LO  pointers 
in  the  array  are  directed  with  respect  to  the  pointer  in  question.  Since  the  individual 
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signals  don’t  interfere  with  each  other,  their  temporal  signal  outputs  are  independent 
of  the  location  of  any  other  pointer.  Since  the  pointers  do  not  interfere  with  each  other 
they  may  overlap  with  no  deleterious  effects  and  therefore  the  temporal  output  signals 
are  independent  of  one  another. 

As  a  specific  example  of  these  ideas,  let  us  compute  the  temporal  and  physical 
extent  of  the  RF  signal  and  LO  image  inside  the  A/0  cell  for  the  system  under 
construction.  The  temporal  bandwidth  is  the  reciprocal  of  the  RF  bandwidth  (B)  or 

tRF-l/B  (11) 


RFin 


Jl _ _ _ L 

< 

f 

or  Ay 
.  ^RF 
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> 

1 

t 

,  Local  Oscillator 
Image 


^LO  ”•  ‘^>’1.0 


\  Direction  of 
acoustic  wave 
propagation 


Figure  6:  Representation  of  RF  signal  and  LO  image  in 
both  temporal  extent  ( z)  and  physical  extent  (Ay)  inside 
the  A/0  cell 

This  translates  to  a  spatial  in  the  A/0  cell  extent  of 


AyRF=  VTj,p 


The  local  oscillator  occupies  a  length  Ay^o,  where 

f 

Ay^o  =  AF/27ir 


(12) 


(13) 
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This  is  completely  equivalent  to  the  diffraction  limited  spot  size  of  the  (collimated)  LO 
beam  with  diameter  2r  and  wavelength  X,  and  focused  through  a  lens  of  focal  length 
F.  Here  A,  =  1 .3p,  r  =  1 .2  mm,  and  F  =  36  mm.  Substituting,  we  find  that  (using  v  = 
5120  m/s  as  before)AyRF  =  51.2  pm  and  Trp  =  2.43  nsec.  The  temporal  extent  of  the 
LO  image  Tlq  be  inverted  to  imply  an  effective  bandwidth  (Biq)  which  can  be 
supported  by  this  system,  or 


Blo  =  206.2  MHz 

Thus,  the  Fourier  transform  of  the  LO  image  is  bandpass  m  nature  and  has  an 
equivalent  bandwidth  of  greater  than  200MHz.  This  result  indicates  that  since  the 
support  bandwidth  of  the  LO  (Biq)  is  greater  than  the  bandwidth  of  the  RF  input 
signal,  the  finite  size  of  the  LO  image  pointer  has  no  effect  on  the  output  signal. 

Confusion  may  comes  about  because  of  the  similar  relative  sizes  of  the  LO 
image  (A^lq)  and  the  RF  beam  (Ayj^)  inside  the  A/0  cell.  As  shown  here,  the  LO 
beam  is  as  large  as  necessary  to  support  the  200MHz  RF  bandwidth  without 
temporal  distortion  of  the  input  signal.  The  relative  sizes  of  the  LO  image  and  RF 
beams  inside  the  A/0  cell  have  nothing  to  do  with  delay  resolution,  as  shown  in 
these  previously. 
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VI.  RECOMMENDATIONS 


Seemingly,  the  greatest  problem  associated  with  optically  controlled  phase 
array  antennas  has  been  the  inability  to  achieve  steerable  true  time  delay 
performance  without  introducing  switched  fiber  delay  lines.  This  report  offers  a 
simple  solution  to  this  problem  and  updates  work-in-progress  on  a  variable  photonic 
microwave  delay  line  system  for  a  twenty  element  phased  array  antenna  operating 
in  L-band.  Although  the  system  has  been  presented  in  a  phased  array  fi'amework, 
it  is  expected  that  the  delay  line  will  find  application  in  other  areas  of  microwave 
signal  processing  technology. 

A  few  words  are  in  order  regarding  testing  of  the  broadband  optical 
beamforming  system.  The  intent  of  this  effort  was  to  prove  the  concept  that  an 
integrated  optical  system  could  be  fabricated  that  would  yield  a  large  number  of 
stable  parallel  variable  delay  lines  operating  in  parallel.  In  addition  a  model  which 
accurately  portrayed  the  performance  characteristics  of  the  system  based  on  its 
components  was  to  be  realized.  The  optical  beamforming  system  was  built  using 
readily  available  commercially  available  off-the-shelf  components  and  was  not  an 
attempt  to  optimize  the  system  for  a  specific  application.  If  the  results  of  the  optical 
beamformer  table-top  tests  provided  a  realistic  model  such  that  a  high  level  of 
confidence  in  this  model  could  be  assured  then  the  testing  would  be  a  complete 
success.  This  model  could  than  be  used  to  determine  the  feasibility  of  developing 
a  system  for  a  specific  application.  If  in  addition  the  systems  also  works  in  such  a 
way  that  reasonable  L-band  radiation  patterns  are  generated  in  an  anechoic  chamber 
than  those  results  would  be  well  beyond  initial  expectations.  Anechoic  chamber 
testing  is  not  a  necessity  since  radiation  patterns  can  be  synthesized  fi-om  the  optical 
bench  test  data  using  any  number  of  CAD  packages.  The  difference  between 
bench-top  testing  and  the  anechoic  chamber  testing  is  the  difference  between 
research  and  development.  As  pointed  out  earlier,  the  goal  of  this  effort  should  be 
to 


i)  prove  the  concept  and 

ii)  to  develop  a  model  which  a  developer  could  have  some  level  of 
confidence  in  fi'om  which  to  put  together  a  system  based  on  a  specific 
application. 

A  good  deal  of  fine  tuning  is  of  course  necessary  for  the  lull  potential  of  this 
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delay  line  system  to  be  realized.  The  question  of  this  optimal  lensing  arrangement 
is  best  addressed  once  the  details  of  a  particular  application  and  its  performance 
criteria  have  been  specified.  Although  optical  systems  have  obvious  advantages  with 
regard  to  size,  weight,  power  efiBciency,  etc.  over  their  microwave  counterparts,  the 
underlying  goal  must  be  to  at  least  meet  if  not  exceed  the  performance  of  electronic 
systems  with  regard  to  key  parameters  such  as  noise  and  dynamic  range.  These 
tests  are  currently  in  progress  and  will  be  reported  at  a  later  date. 
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applicable  technologies; 
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c.  Provides  a  full  range  of  technical  support  to  Air  Force  Materiel 
Command  product  centers  and  other  Air  Force  organizations; 

d.  Promotes  transfer  of  technology  to  the  private  sector; 

e.  Maintains  leading  edge  technological  expertise  in  the  areas  of 
surveillance,  communications,  command  and  control,  intelligence,  reliability 
science,  electro-magnetic  technology,  photonics,  signal  processing,  and 
computational  science. 


The  thrust  areas  of  technical  competence  include;  Surveillance, 
Communications,  Command  and  Control,  Intelligence,  Signal  Processing, 
Computer  Science  and  Technology,  Electromagnetic  Technology, 
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